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ABSTRACT 
Recently, metal-organic framework (MOF)-based multienzyme systems integrating different functional natural enzymes and/or nanomaterial- 
based artificial enzymes are attracting increasing attention due to their high catalytic efficiency and promising application in sensing. Simple 
and controllable integration of enzymes or nanozymes within MOFs is crucial for achieving efficient cascade catalysis and high stability. Here, 
we report a facile electrochemical assisted biomimetic mineralization strategy to prepare an artificial multienzyme system for efficient electrochemical 
detection of biomolecules. By using the GOx@Cu-MOF/copper foam (GOx@Cu-MOF/CF) architecture as a proof of concept, efficient 
enzyme immobilization and cascade catalysis were achieved by in situ encapsulation of glucose oxidase (GOx) within MOFs layer grown on 
three-dimensional (3D) porous conducting CF via a facile one-step electrochemical assisted biomimetic mineralization strategy. Due to the 
bio-electrocatalytic cascade reaction mechanism, this well-designed GOx@Cu-MOF modified electrode exhibited superior catalytic activity 
and thermal stability for glucose sensing. Notably, the activity of GOx@Cu-MOF/CF still remained at ca. 80% after being incubated at 80 °C. 
In sharp contrast, the activity of the unprotected electrode was reduced to the original 10% after the same treatment. The design strategy 
presented here may be useful in fabricating highly stable enzyme@MOF composites applied for efficient photothermal therapy and other 
platform under high temperature. 
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1 Introduction 
Enzymatic catalysis, which often involves multienzyme cascade 
reactions, has been widely applied in the synthesis of pharmaceuticals 
and fine chemicals [1, 2], biofuel cells [3, 4], biocatalysis [5, 6], and 
biosensing [7, 8] due to the high efficiency and selectivity of natural 
enzymes [9]. However, the application of enzymatic catalysis is still 
hampered by the poor stability of enzymes. Consequently, many 
researchers have focused on enhancing the multienzyme catalytic 
reaction by integrating different functional natural or artificial enzyme 
catalysts in a well-designed reactor [5, 10–12]. In such multienzyme 
systems, enzyme catalysis processes can be individually or completely 
replaced by highly stable nanomaterials with enzyme-like characteristics 
(nanozymes) [13–15]. Benefiting from the combination of enzymes 
and nanozymes, the activity of cascade catalysis and the stability of 
enzyme can be significantly improved. However, the overall perfor-
mance of multienzyme systems is not only affected by the specific 
interactions among catalysts, substrates and reactor, but also by 
other factors, such as substrate channeling, kinetics matching, and 
spatial distribution in reactor [16]. Therefore, rational engineering 
of the multienzyme system architecture is the key to efficient cascade 
catalysis and high stability.  
Recently, metal-organic frameworks (MOFs) with regular pores 
or channels have garnered considerable research interest due to their 
excellent potential as a universal platform for the immobilization  
of various functional materials including enzymes and nanozymes  
[5–8, 11, 12, 17–26]. High flexibility and tunability of MOFs in terms 
of their pore size and shape allow the encapsulation of catalysts with 
different sizes and functions in specific spaces for efficient cascade 
reaction [27–29]. Unfortunately, MOF-based multienzyme systems 
as a new research field is facing a huge challenge both in the aspects 
of its construction and technology at present. First, simple and 
controllable integration of enzymes and nanozymes within MOFs is 
still very difficult due to great differences in composition, activity 
and stability between enzymes and nanozymes as well as their affinity 
with MOFs [30]. Furthermore, when applied to enzyme modified 
electrodes for biosensing, the MOF encapsulation strategy for enzyme 
immobilization meets great challenges in controlling the mass/electron 
transport between the immobilized natural/artificial enzymes and 
the conducting electrode, which significantly influences efficient 
cascade between enzyme/nanozyme-catalyzed reactions and sensitive 
signal acquisition [31–35].  
Herein, using the GOx@Cu-MOF/copper foam (GOx@Cu-MOF/ 
CF) based electrochemical biosensor as a proof of concept, a novel 
natural enzyme and nanozyme cascade catalysis strategy was proposed 
to establish a sensitive and stable electrochemical biosensor for 
detection of glucose. In this multienzyme system, glucose oxidase 
(GOx) was immobilized within Cu-based MOF (HKUST-1/Cu-MOF) 
layers grown on the surface of three-dimensional (3D) porous 
conducting copper foam electrode via a facile electrochemical assisted 
biomimetic mineralization. The ordered porous structure of Cu-MOF 
not only facilitates the diffusion of substrates/products onto/from  
Address correspondence to qkuang@xmu.edu.cn 
 Nano Res. 2019, 12(12): 3031–3036 
 | www.editorialmanager.com/nare/default.asp 
3032 
active sites, but also effectively protects the enzyme from the effects 
of harsh conditions (e.g. high temperature), thereby significantly 
improving their stability and durability in practical sensing processes. 
2 Experimental 
2.1 Chemicals and materials 
Copper foam used as electrochemical deposition substrate was 
purchased from Shenzhen Tiancheng Technology Co., Ltd. (China). 
1, 3, 5-Benzenetricarboxylic acid (C9H6O6, BTC) was purchased from 
Sigma-Aldrich. Methanol (CH3OH), hydrochloric acid (HCl), sodium 
phosphate dibasic dehydrate (NaH2PO4·2H2O) and disodium hydrogen 
phosphate dodecahydrate (Na2HPO4·12H2O) was obtained from 
Sinopharm Chemical Reagent Co., Ltd. (China). Glucose oxide (BR, 
100–250 U/mg) was purchased from Shanghai Yuanye Bio-Technology 
Co., Ltd. All chemicals were directly used after purchase without 
further purification. All the solutions were prepared with a Millipore 
Milli-Q system. 
2.2 Preparation of GOx@Cu-MOF/CF 
Prior to the experiment, the copper foam was first immersed in 
dilute hydrochloric acid for 1 min to remove the oxide on the surface. 
Then, the copper foam was immersed thoroughly in water and treated 
ultrasonically for 10 min. Finally, the copper foam was washed with 
water to neutral and dried in air. In a typical experiment, 8 mM BTC 
(17.2 mg) was dissolved in 4 mL methanol. A separate solution of 
10 mg GOx dissolved in 6 mL phosphate solution was also prepared. 
Then the two solutions were mixed, and the resulting solution was 
used as the electrolyte solution. The synthesis of GOx@Cu-MOF 
onto copper foam was carried out on electrochemical workstation 
(CHI1130B, Chenhua, Shanghai) at 1.0–2.0 V with magnetic agitation 
at room temperature. A saturated calomel electrode (SCE), platinum 
wire, and copper foam served as reference, counter electrodes, and 
working electrode, respectively. The same method was used to prepare 
other GOx@Cu-MOF modified electrodes, except for deposition 
times, deposition potentials or concentrations (GOx and of BTC). 
2.3 Characterization of sample 
High-resolution scanning electron microscope (FE-SEM, HITACHI- 
S4800, Japan), and transmission electron microscopy (TEM, Tecnai 
F30, USA, 300 kV) equipped with energy-dispersive X-ray (EDX) 
spectroscopy were first employed to characterize morphology and 
microstructures of the GOx@MOF/copper foam and the GOx@MOFs. 
The phases of the samples were investigated via powder X-ray diffraction 
(PXRD) patterns acquired with a Panalytical X-pert diffractometer 
using Cu Kα radiation ( = 1.5418 Å, 40 kV, 40 mA, scanning rate: 
0.25°/s) in the range of 5°80°. The Fourier transform infrared (FTIR) 
spectroscopy was recorded in the solid state as KBr dispersion using 
Thermo Nicolet 380 FT-IR spectrometer.  
2.4 Electrochemical measurements 
The electrochemical performance of the GOx@MOF modified 
electrodes and the activity of GOx were evaluated using an electro-
chemical workstation (CHI1130B, Chenhua, Shanghai) with a 
conventional three-electrode system, including a Pt wire as the 
counter electrode, SCE as reference electrode, and GOx@MOF/CF 
as working electrode. The working electrode was first activated with 
cyclic voltammetry (CV) in 0.1 mol/L PBS solution (pH 7.4) until a 
steady CV was acquired. The activity is calculated by the current 
density increment of 4 mM glucose.  
3 Results and discussion 
Scheme 1 illustrates the proposed protocol for the fabrication of  
 
Scheme 1 The protocol for GOx immobilization with Cu-MOF on copper foam 
and bio-electrocatalytic cascade reaction mechanism towards glucose sensing. 
GOx@Cu-MOF/CF and the cascade catalytic mechanism for glucose 
sensing. The GOx@Cu-MOF modified copper foam (denoted as 
GOx@Cu-MOF/CF) was fabricated via a one-step electrochemical 
assisted biomimetic mineralization process. In this synthetic process, 
the GOx was electrostatically adsorbed onto the copper foam substrate 
(denoted as GOx/CF) (Fig. S1 in the Electronic Supplementary Material 
(ESM)). Due to the enzyme-induced biomineralization effect, Cu-MOFs 
that were formed by electrochemically dissolved Cu2+ ions from the 
copper foam and organic ligands (such as 1, 3, 5-benzenetricarboxylic 
acid) in the solution gradually nucleated and grew around GOx, finally 
forming GOx@Cu-MOF encapsulation structure on the copper foam 
[36–38]. By constructing this architecture, the detection of glucose 
can be efficiently realized via a cascade reaction process between glucose 
oxidation catalyzed by GOx and hydrogen peroxide reduction electro- 
catalyzed by Cu-MOF/ CF electrode. In essence, this bio-electrocatalytic 
detection process of glucose simulates the bi-enzymatic cascade 
catalytic reaction of glucose oxidase and catalase [13]. The open and 
porous 3D feature of the copper foam provides enhanced specific 
surface area for enzyme immobilization and facilitates the substrate 
transport and charge collection. Another advantage of the architecture 
is that the encapsulation structure provides good protection for GOx.  
The representative low-magnification SEM images of the as- 
prepared GOx@Cu-MOF modified copper foam at a potential of 
1.5 V (vs. SCE) for 1,200 s are given in Figs. 1(a) and 1(b). After 
electrochemical deposition, the surface of the copper foam electrode 
was covered by a layer of mutually interconnected sheets. The thickness 
of these upstanding sheets was about 15 nm (Fig. 1(c)) and there 
was a continuous layer of 100150 nm thickness below the upper   
 
Figure 1 (a)–(c) SEM images of GOx@Cu-MOF layer growing on the copper 
foam substrate. (d) PXRD patterns of GOx@Cu-MOF/CF and GOx@Cu-MOF* 
exfoliated from the copper foam. (e) HAADF-STEM image of the exfoliated 
GOx@Cu-MOF sheet and (f) corresponding elemental mappings of Cu, O-K, C 
and N-K. 
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layer built with interconnected sheets (Fig. S2 in the ESM). PXRD 
patterns of the deposits exfoliated from the copper foam (denoted 
as GOx@Cu-MOF*) revealed the presence of Cu-based MOF 
(HKUST-1), but these peaks were almost undetectable in the PXRD 
pattern of GOx@Cu-MOF/CF (Fig. 1(d)). The presence of GOx was 
confirmed by EDX spectroscopy and corresponding elemental 
mappings recorded from an individual GOx@Cu-MOF* sheet. It 
can be clearly seen that all the elements uniformly distributed 
across the whole Cu-MOF zone (Figs. 1(e) and 1(f) and Fig. S3 in 
the ESM). Of note, the distribution status of N element that only 
originates from the amino acid groups of GOx is overlapped with 
that of O, C, and Cu, which constiute HKUST-1. Thus, the results 
indicate that a part of GOx was encapsulated in the bottom MOF 
layer near the surface of copper foam via electrostatic adsorption, and 
the rest of GOx was encapsulated within the upstanding Cu-MOF 
sheets via biomimetic mineralization, as illustrated in Scheme 1. 
Nevertheless, the immobilization of GOx had negligible effects on 
the growth of Cu-MOF (Fig. S4 in the ESM). 
To further ascertain the characteristics of the encapsulation 
status of GOx within Cu-MOF, FTIR spectroscopy was performed. 
As shown in Fig. 2(a), GOx/Cu-MOF* showed obvious difference in 
color from GOx-free Cu-MOF* exfoliated from the copper foam. 
However, the FTIR spectra showed the appearance of peaks in the 
range of 1,380–1,630 cm−1, which were characteristic of carboxylate 
group vibrations (Fig. 2(b)). Moreover, several low intensity peaks 
appeared at 1,710, 1,180, and 1,240 cm−1 corresponding to the 
vibrations of C=O, C–O and O–H groups, respectively. These results 
indicated that HKUST-1 Cu-MOF was successfully synthesized. 
The spectrum of GOx showed characteristic protein peaks at 
1,640–1,660 and 1,510–1,560 cm−1, corresponding to amide I (mainly 
from C=O stretching mode) and amide II bands (mainly from   
a combination of NH bending and CN stretching modes) [29]. 
However, no characteristic peaks of GOx appeared in the spectra 
of GOx@Cu-MOF*. These data clearly demonstrated that the 
mechanism of GOx encapsulation with Cu-MOF sheets was not 
via absorption or infiltration into the Cu-MOF pores, but via 
biomimetic mineralization [29]. 
In this study, the effects of various synthesis parameters (such 
as deposition potentials, deposition times, and concentration of 
precursors) on the architecture of the GOx@Cu-MOF/CF were 
systematically investigated in order to optimize the immobilization 
of GOx within Cu-MOF layers. At low deposition potential (1.00 V), 
the growth of Cu-MOF layer was restricted to the surface of copper 
foam, forming discrete bottom Cu-MOF layer zones (Fig. 3(a)). With 
the increase in deposition potential, bottom Cu-MOF layer zones 
gradually grew up, connecting each other, while some upstanding 
Cu-MOF sheets grew on the bottom Cu-MOF layer (Figs. 3(b)– 
3(d)). Accordingly, the quantity of GOx encapsulated significantly 
increased (Fig. S5 in the ESM). Similar morphology evolution 
trend was observed in the experiments with varying deposition 
time (Figs. 3(e)–3(h)) or varying concentration of organic ligands  
 
Figure 2 (a) Photographs of Cu-MOF* and GOx@Cu-MOF*. (b) FTIR spectra 
of GOx, Cu-MOF*, and GOx@Cu-MOF*. 
 
Figure 3 High magnification (upper) and low magnification (lower) SEM 
images of GOx@Cu-MOF/CF electrodes obtained with different (a) deposition 
potentials (1.00, 1.25, 1.75, and 2.00 V) or (b) deposition time (600, 900, 1,500, and 
1,800 s). In deposition potential-dependent experiments, the deposition time was 
fixed at 1,200 s, and in deposition time-dependent experiments, the deposition 
potential was fixed at 1.50 V.  
(Fig. S6 in the ESM). In contrast to other synthesis parameters, 
deposition potential had more significant impact on the formation 
of GOx@Cu-MOF on the copper foam. This is because the deposition 
potential directly controls the release rate of Cu2+ ions, thus affecting 
the growth rate of MOFs and the encapsulation of enzymes. 
Based on above results, natural enzyme GOx was successfully 
immobilized on the 3D porous conducting electrode with the MOF 
encapsulation strategy. Such an architecture greatly guarantees efficient 
cascade between enzyme/nanozyme-catalyzed reactions and the 
sensitive signal acquisition, thereby leading to superior catalytic 
activity for glucose sensing (Fig. 4(a)). The bio-electrocatalytic 
detection of glucose over GOx@Cu-MOF/CF electrode was conducted 
in air-saturated 0.1 M phosphate buffered saline (PBS) solution at 
room temperature (25 °C). Figure 4(b) presents the CV curves of 
the representative electrode, which clearly shows that the reduction 
current increased with the successive addition of glucose. In the 
detection process of glucose, GOx embedded within Cu-MOF layer 
catalyzed glucose to gluconic acid and H2O2, and then Cu-MOF/CF 
electro-catalyzed the reduction of H2O2 immediately. The mea-
surement results revealed that the electrode exhibited the optimal 
current response at –0.40 V (Fig. 4(c)). In addition, a well-defined 
linear relationship between the reduction current and the glucose 
concentration could be established in the concentration range from 
0 to 6 mM (Fig. 4(d)). Strikingly, GOx@Cu-MOF/CF electrode had 
much higher sensitivity than the unprotected GOx/CF electrode. 
According to the Lineweaver-Burk plot (Fig. 4(e)), the apparent 
Michaelis constant (Km) of the GOx@MOF/CF electrode was 0.51 mM, 
much lower than those previously reported for free GOx (25.7 mM) 
or MOF encapsulated GOx (~ 39 mM) [39]. The lower Km value for 
the GOx@MOF/CF electrode reveals its better affinity for glucose 
and thus, contributes to its high sensitivity for glucose detection.  
The significantly improved glucose sensitivity of GOx@MOF/CF 
electrode could be understood from two aspects. On one hand, high 
local concentrations of substrates/products are easily generated in 
such a confined environment within Cu-MOF layer. On the other 
hand, there are no diffusion barriers for the permeation of the  
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Figure 4 (a) Schematic illustration of the bio-electrocatalytic cascade reaction 
mechanism over GOx@Cu-MOF/CF towards glucose sensing. (b) CVs corres-
ponding to different glucose concentrations. (c) Effect of applied potentials on 
the amperometric response of 2, 4, and 6 mM glucose. (d) Calibration plots derived 
from the CVs at −0.40 V vs. SCE. (e) Lineweaver-Burk plots of GOx@Cu-MOF/CF 
and GOx/CF electrodes derived from (d) within concentration range of 412 mM.  
substrates into Cu-MOF or for the release of the product from 
Cu-MOF. These two factors greatly increase the cascade efficiency 
of enzyme catalyzed process and electro-catalyzed process [5, 16]. 
Of note, it was found that the sensitivity of GOx@Cu-MOF modified 
electrode increased first and then decreased as deposition potentials, 
times, or concentrations of BTC increased (Figs. 5(a)–5(c)). This is 
because an excessively thick GOx@Cu-MOF layer would affect the 
diffusion of substrates and products, resulting in the decrease in 
sensitivity. In addition to the diffusion problem, the aggregation of 
enzyme caused by high concentration could also inhibit the activity 
of GOx (Fig. 5(d)) [39]. 
It is well known that enzymes can be easily deactivated by  
any abrupt changes in their external environment (typically heat). 
Therefore, stability of immobilized enzyme is an important problem 
which has to be solved before practical applications. For this purpose, 
the heat-resistance of GOx@MOF/CF was specifically investigated 
herein. As revealed in Fig. 6(a), the activity of GOx@Cu-MOF 
modified electrode barely decreased (< 2%) when it was incubated 
in water for 1 h at 40 °C. Surprisingly, the electrode still retained ca. 
80% of its initial activity after it was incubated at 80 °C. In contrast, 
the activity of un-encapsulated GOx/CF quickly declined with 
the increase in incubation temperature (Fig. 6(b)). At 40 °C, the 
un-encapsulated GOx/CF electrode lost over half of its original 
activity, while its activity at 80 °C was drastically reduced to below 
10% of the original value. 
In general, the thicker the MOF layer, the better its protective effect 
on the encapsulated GOx, which was confirmed by the deposition 
potential-dependent experiments (Fig. 6(c)). At low deposition 
potentials, as-formed Cu-MOF layers could not completely cover  
 
Figure 5 Effects of different experimental conditions on electro-catalytic activity 
of electrode. (a) deposition potential, (b) deposition time, (c) concentration of 
BTC, (d) concentration of GOx. 
 
Figure 6 Activity retention rates of (a) GOx@MOF/CF and (b) GOx/CF incubated 
in water at different temperatures for 1 h. Thermal stability of the GOx@MOF/CF 
electrodes deposited (c) at different potentials for 1,200 s and (d) at 1.5 V for 
different time, which were incubated in water for 1 h at 60 °C. 
the immobilized GOx on copper foam due to limited dissolution of 
Cu2+ ions (Figs. 3(a) and 3(b)). Under these conditions, the exposed 
GOx regions were not protected from high temperature by the 
Cu-MOF layer. With the increase in deposition potential, the degree 
of coverage of GOx increased significantly, and the thermal stability 
was improved accordingly. When the Cu-MOF layer was thick enough 
to encapsulate GOx to shield it from high temperature, further 
increase in Cu-MOF layer thickness did not enhance the thermal 
stability. Furthermore, the deposition time also had different effects 
on the thermal stability of GOx@Cu-MOF modified electrode 
(Fig. 6(d)). For the GOx@Cu-MOF modified electrodes obtained  
at long deposition times, thermal stability became worse, which was 
likely due to the incomplete encapsulation of GOx by MOF layer. 
Table 1 is the comparison of the performance of the GOx@Cu- 
MOF/CF with that of other previously reported immobilized enzyme 
sensors [39–45]. For the GOx@Cu-MOF/CF, there is no diffusion  
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Table 1 Comparison of the performance of the proposed GOx@Cu-MOF/CF 
with other immobilized enzyme modified electrode 
Sensing materials Enzyme Km  (mM) 
Relative 
activity (%) Ref.
GOx&CuBDC GOx 37.8 80 (80 oC) [39]
PGA@SNF@ZIF-8 PGA 106.1 90 (60 oC) [40]
GOx@CHNs GOx 14.39 — [41]
n-ZnPc-co-TP/GOx GOx 2.721 — [42]
Nafion/GOx-yeast/MWNTs GOx — 41 (60 oC) [43]
GOx-HRP@DM@MP GOx-HRP 1.41 32 (80 oC) [44]
chitosan/GOx/ZnO/Au GOx 1.09 — [45]
GOx@Cu-MOF/CF GOx 0.51 86 (60 
oC)/
81 (80 oC) 
This 
work
 
barrier for substrates to activity sites of enzymes within Cu-MOF 
nanosheets, compared with bulk MOFs or hydrophobic MOFs  
[39, 40]. This contributes to the affinity of substrate to enzyme, 
resulting in lower Km of GOx@Cu-MOF/CF. As for the proposed 
encapsulation method, the enzymes embeded within the MOF 
matrices have better thermal stability than those immobilized onto 
the matrices such as carbon nanotubes due to the protection of 
MOF shell [41–45]. In a word, the proposed GOx@Cu-MOF/CF 
sensor exhibited better affinity to glucose and thermal stability 
benefitting from the preparation method of Cu-MOF nanosheets 
grown around GOx via the biomimetic mineralization. 
The stability of GOx@Cu-MOF modified electrode was also 
studied by using SEM. The surface of the copper foam electrode 
was still covered completely by a layer of upstanding nanosheets after 
incubated in water at 80 °C for 1 h and subsequent test reaction 
(Fig. 7(a)). From the high-magnification SEM images of the 
GOx@Cu-MOF (Figs. 7(b) and 7(c)), there was no damage found 
on the surface of nanosheets. These data further conformed the 
excellent thermal stability of GOx@Cu-MOF modified electrode. 
This MOF encapsulated enzyme structure can be potentially applied 
for efficient photo-thermal therapy and other platforms subjected 
to harsh operating conditions. 
4 Conclusions 
In summary, this work demonstrated the one-step synergetic 
fabrication of GOx@Cu-MOF modified copper foam multienzyme 
system through electrochemical oxidation and biomimetic 
mineralization, and its use as a glucose sensing electrode. This 
construction process is under moderate conditions (room temperature), 
significantly reducing damage to enzymes. The open porous structure 
of copper foam electrode allows the substrates access to the sensing 
sites, while the MOF layer provides good protection for GOx 
embedded inside. The as-prepared electrode exhibited significantly 
enhanced sensitivity and thermal stability in glucose sensing because 
the electrode design facilitated the cascade catalytic process between 
GOx-catalyzed glucose oxidation and electro-catalyzed H2O2 reduction. 
Therefore, this work offers a simple synthetic route to immobilize 
specific enzymes. Considering its high stability, this MOF encapsulated 
enzyme structure can be potentially applied for efficient photo-thermal 
therapy and other platforms subjected to harsh operating conditions. 
 
Figure 7 (a)–(c) SEM images of GOx@Cu-MOF layer growing on the copper 
foam substrate incubated in water at 80 °C for 1 h and then after reaction. 
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